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ABSTRACT
Titanium dioxide nanoparticles (TiO2 NPs) are one of the most common
nanomaterials used in nano based products. They are used as antimicrobial, antibiotic,
and antifungal agents, ultraviolet (UV) blockers, antiscratch additives, and catalysts,
because TiO2 NPs have high specific surface area and sorption capacity for ionic and
nonionic species, and ultraviolet (UV) reflecting capabilities. However, TiO2 NPs could
enter human body through skin, food, inhalation and drinking water, and cause potential
adverse effect, including production of oxidation radicals, genotoxic effects, and
inflammation and neurotoxic effects.
The main objective of this study was to examine the efficiency of conventional
drinking water treatment processes (coagulation, flocculation, sedimentation, and
filtration) in removing the TiO2 NPs, since potable water consumption is one of the
possible pathways for the NPs to enter the human body. In the absence of regulations,
drinking water treatment plants are currently not designed and operated for the removal
of NPs. Moreover, there are limited numbers of studies regarding the removal of NPs
using conventional treatment process in the literature.
A systematic experimental investigation was conducted to understand the effects
of initial TiO2 NP concentration, the TiO2 NP coating, different coagulants (alum vs.
ferric chloride), pH and the presence of natural organic matter (NOM) on the removal of
TiO2 NPs.
Results showed higher degree of TiO2 NP removal with increasing TiO2
concentration from 0.5 mg/L to 5 mg/L. For 90% removal of uncoated TiO2 NP, 10 and
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40 mg/L of alum were required at pH 6.5 in distilled and de-ionized (DDI) water,
respectively. Better removal of uncoated than SiO2 coated TiO2 NPs was also observed.
The performance of alum (Al2(SO4)3·18H2O) and ferric chloride(FeCl3) were similar
(90% removal at 120 mg/L coagulant in Hanahan water at pH 6.5), but ferric chloride
was better for NOM removal (40% vs. 30% at 80 mg/L coagulant and pH 6.5). NOM had
a significant effect on the removal of NPs. The presence of NOM increased the required
alum dose from 20 mg/L in DDI water to 80 mg/L in a 3 mg TOC/L model NOM water
to accomplish 85% removal of the NPs. The pH of 5.8 resulted in higher removals of
TiO2, turbidity and TOC as compared to pH of 6.5. For TOC removal, 60% was achieved
at 60 mg/L alum in pH 5.8 solution, while 31% was removed at pH 6.5, which is related
to the properties of NPs, coagulants and NOM.
Overall, this study showed the effect of different factors (initial TiO2 NP
concentration, TiO2 NP coating, natural organic matter/natural waters, pH and coagulant
type) on the removal of TiO2 NPs from water during conventional drinking water
treatment processes. Although conventional treatment processes appear to be effective in
removing NPs, it was also noted that removal efficiencies decreased with decreasing NP
concentrations in water. Additional research is recommended to further examine the
removal of NPs from water at much lower concentrations than used in this study.
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CAPTER I
INTRODUCTION
The

U.S.

Environmental

Protection

Agency

(USEPA)

has

defined

nanotechnology as:”1. Research and technology development at the atomic, molecular, or
macromolecular levels using a length scale of approximately one to one hundred
nanometers in any dimension; 2. The creation and use of structures, devices, and systems
that have novel properties and functions because of their small size; 3. The ability to
control or manipulate matter on an atomic scale.” (USEPA, 2007) Engineered
nanoparticles (ENPs) are defined as anthropogenic materials less than 100 nm in size in
more than one dimension that can be spherical, tubular, or irregularly shaped, exist as
fused, aggregated or agglomerated forms of organic, inorganic, crystalline, or amorphous
structures (Weinberg et al., 2010).
The advances in nanotechnology have led to a massive production of NPs.
Currently, engineered nanoparticles (ENPs) are used in more than 1,000 nano-enhanced
consumer products by nearly 500 companies in over 20 countries (Woodrow Wilson
International Center for Scholar, 2010). The use of ENPs is increasing rapidly; the
production of ENPs is on the order of millions of tons nowadays. The National Science
Foundation estimates that by 2015, the impact on the global economy will be $1 trillion
and that 2 million workers will be employed in nanotechnology (Roco and Bainbridge,
2001). As a result, ENPs are being increasingly released to the environment by the means
of accidental spills during manufacturing and transport, or its presence in waste, sewage,
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and runoff (Klaine et al., 2008). ENPs can enter the human body through the lungs, the
digestive tract (i.e., potable water consumption), or the skin. The potential adverse effects
on human health of anthropogenic NPs have been drawing more and more attention.
Inhaled NPs can gain access to the blood stream and then be distributed to other organs in
the body, accumulating in the organs and cells (Kretling et al., 2002). Consequently, the
impacts of NPs might include direct toxicity to organs and cells, and persistence within
the organs and cells. Particularly, the impacts of NPs may facilitate the transport of
associated toxic pollutants into organs and cells. Tinkle et al. (2003) found that NPs, such
as TiO2 NPs used in sunscreen, can get enough into the skin to be taken into the
lymphatic system, while larger particles are not (greater than l µm in diameter). In vivo
studies show that NPs can produce inflammation (Donald et al., 2000; Oberdorster et al.,
2000) in lungs of laboratory animals after exposure to NP aerosols. In vitro studies show
that NPs could produce free radicals that can cause cellular damage. This damage can be
manifested in different ways, including genotoxicity and altered cell death rates (Rahman
et al., 2002). Although the current nanomaterial exposures and health effects are unlikely
to pose any substantial risk to public health given the relatively limited amount of their
use, as the quantity and variety of ENPs used in the society increase, the potential for
adverse environmental and health consequences will also increase.
Metal oxide NPs can aggregate to form particles with micrometer diameters in
pure water; however, they will be stable in natural waters due to the presence of natural
organic matter (NOM) such as humic substances and surfactants. Although the USEPA
has promulgated more stringent regulation on particles in drinking water to minimize
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microbial risk (e.g., turbidity or disinfectant requirements), these efforts are expected to
have little effect on NPs. The fate of nanomaterials in the environment, and specifically
during drinking water treatment is speculative and unknown (Masciangioli et al., 2003).
There is no existing data on the fate of nanomaterials during drinking water treatment for
two primary reasons: (1) inability to characterize naturally occurring nanoscaled
materials in complex matrices and (2) colloid theory predicts nanoscaled material should
be well removed. However, the first constraint has limited validation of the second stated
reason (Westerhoff et al., 2006).
Today, in the absence of regulations, drinking water treatment plants are not
designed specifically for the removal of NPs. However, drinking water consumption can
be an important route for human exposure to NPs. The fate of NPs in drinking water is
determined by the efficacy of water treatment processes, such as conventional water
treatment processes that include coagulation, flocculation, sedimentation, and filtration.
There are very few studies regarding the removal of NPs using conventional water
treatment processes in the literature, our understanding of the effects of interactions with
NOM on the removal efficiency is not adequate, and the literature on optimization of
coagulation/flocculation for maximizing NP removal efficiency is also very limited.
However, several research groups have studied the fate of NPs in the environment, the
stability of NPs in water and the removal of NPs in water treatment plants.
Keller et al. (2010) examined the stability and aggregation of metal oxide NPs in
several natural waters, including Santa Barbara (CA) seawater, natural filtered seawater
from Bodega Head (CA), artificial seawater, Santa Clara River (CA) water, University of
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California, Santa Barbara (UCSB) campus lagoon, and treated effluent from the El Estero
wastewater treatment plant in Santa Barbara. The NPs tested included TiO2, CeO2 and
ZnO. Results showed that the higher the initial NP concentration, the more they
aggregated and settled down, the removal efficiency increased with the increase of initial
NP concentration. Sedimentation occurred quickly in the waters from lagoon, river and
groundwater, while the NPs were very stable in storm water, treated effluent and the
residual mesocosm effluent water, which are generally low in ionic strength (IS) (0.0010.01 eq/L) and medium to high in total organic carbon (TOC).
In a series of studies, Westerhoff et al. (2007, 2008, and 2010) examined the
stability of several NPs in drinking water, including TiO2, Fe2O3, ZnO, NiO and SiO2.
They dispersed 10 mg/L each NP in nanopure water and tap water, then did jar tests (the
jar test parameters were: rapid mixing for 1minute at 100 rpm, G= 99.5 s-1; slow mixing
for 30 minutes at 30 rpm, G= 16.3 s-1; and settling for 1 hour), 20-60 mg/L alum was
used as coagulant, pH 7.7±0.2, and 0.45 μm filtration was conducted following the one
hour sedimentation. Results showed that in nanopure water, the removal efficiency of
commercial NPs was 20-80% by sedimentation, and the removal efficiency could reach
90% with 0.45 μm filtration. While in tap water, the removal efficiency was much lower,
because of the presence of NOM (3 mg/L TOC). The effect of NOM was invested by
doing sedimentation experiments, results showed that 1) NOM adsorption imparted
negative charge to NP surfaces and increase their surface potentials; 2) NOM adsorption
significantly increased the electrical double layer (EDL) repulsive energy and produced
the net energy barrier between NPs; 3) Addition of Ca2+ could induce aggregation by
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neutralizing the negative charges that NOM imparted to the NPs and increasing the ionic
strength of the suspensions; 4) NOM can react or chemically bind with aluminum ions.
Philippe et al. (2011) did jar tests with SiO2 and TiO2 NPs in tap water and Seine
river raw water, the NP concentration was 0.1 g/L, jar test parameters were: coagulation
for 3 minutes by rapid mixing (200 rpm); flocculation for 17 minutes by slow mixing (40
rpm); and settling for 20 minutes, a highly basic aluminum polychloride salt Aqualec F1
was used as coagulant, pH values of tap water and Seine river raw water were 7.42 and
7.90, respectively. Results showed that removal efficiency of turbidity is around 90%
with 120 mg/L Aqualec after sedimentation.
Borgaonkar et al. (2010, 2011) did jar tests with TiO2, ZnO2, CeO2 NPs (initial
concentration: 20, 50, and 100 mg/L) in distilled de-ionized (DDI) water and NOM water
(humic acid, 50 mg/L in 3 g/L NPs). Alum and ferric chloride were used as coagulants,
doses were 0, 20, 50, 100, 200, 750, and 1250 mg/L, pH values were 4, 6, 7, 8, and 9.
Results showed that for alum, maximum 76% NP removal was observed at pH 6.9, alum
dose 100 mg/L, and NP concentration 100 mg/L; for ferric chloride, maximum 80% NP
removal was observed at pH 6.6, ferric chloride dose 100 mg/L, and NP concentration
100 mg/L. Removal efficiency had a positive relationship with coagulant dose, initial NP
concentration, and settling time. The optimum pH value was 7, higher or lower both
decreased the removal efficiency.
These studies summarized above provided some information about the behavior
of NPs in water and water treatment plants; however, there is no systematic study on the
performance of conventional water treatment processes (coagulation, flocculation,
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sedimentation, and filtration) for the removal of NP and the factors influencing NP
removal. This is the main focus of this study.
Specifically, this research project has focused on three main objectives:
1) To evaluate the performance of conventional coagulants for the removal of
coated and uncoated TiO2 NPs; 2) The effects of initial NP concentration, NP coating,
pH, and NOM on the TiO2 NP removal by conventional treatment processes; 3) The
removal efficiency of TiO2 NPs in natural waters.
Titanium (Ti) is the ninth most abundant element and the seventh most abundant
metal in the Earth’s crust. Titanium worldwide reserve is more than 600 million tons, the
estimated annual production of titanium metal is 90,000 tons, and the annual production
of titanium dioxide (TiO2) is approximately 4.3 million tons (Thayer, 2000). Because of
its high specific surface area, sorption capacity for ionic and nonionic species, and the
ultraviolet (UV) reflecting capabilities, TiO2 is now one of the most common
nanomaterials used in nano-based products. TiO2 NPs are used as antimicrobial,
antibiotic, and antifungal agents, as ultraviolet (UV) blockers, antiscratch additives, and
catalysts. They are routinely found in sunscreens, coatings, plastics, soaps, nanofibers and
nanowires, bandages, alloys, and textiles. The U.S. Food and Drug Administration
approved its use as a color additive in food, drugs, cosmetics, and contact lenses. In such
considerations, it is selected as the main target nanomaterial for this study.
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CHAPTER II
BACKGROUND
2.1 TiO2 Nanoparticles
Titanium dioxide nanoparticle (TiO2 NP) is widely used in industry, commercial,
residential and personal care products, due to its high specific surface area, sorption
capacity for ionic and nonionic species, and UV reflection capabilities. The demand for
TiO2 NPs is increasing very fast.
2.1.1 Structure of TiO2 Nanoparticles
TiO2 exists as four different polymorphs in nature, namely anatase, brookite,
rutile and TiO2 (B) (Banfield et al., 1991). Brookite can transform into rutile at low
temperatures. TiO2 (II) and TiO2 (H) synthetic polymorphs are produced from rutile at
high pressures. The anatase and rutile forms are most often studied of all the polymorphs
(Figure 2.1). Both these forms consist of TiO6 octahedral linked in a tetragonal structure.
In the rutile phase, two TiO6 units are present in a single tetragonal unit cell. The titanium
ion has a coordination number of 6 and is connected to O via two long (1.976 Å) and four
short (1.946 Å) bonds, at 15 K. In the anatase phase the octahedral are significantly
distorted and consist of four TiO6 units in a single tetragonal unit cell, where Ti is
connected to O via two long (1.979 Å) and four short (1.932 Å) bonds (Lazzeri et al.,
2001).
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Figure 2.1 Polymorphs of TiO2, (a) Anatase, (b) Rutile
The control of the transformation of anatase to rutile is important as final
applications are quite often phase specific (either anatase or rutile) such as pigments in
paint, photocatalyst, or as ceramic membrane material (Karthikeyan et al., 2000; Kumar
et al., 1993). At normal pressure and temperature, anatase and rutile are relatively similar
in their stability, as shown by the small differences in the Gibbs free energy (4-20
kJ/mole), with rutile being the most stable. The transformation from anatase to rutile is
affected by the temperature and pressure and is influenced by the lattice and surface
defects present, as well as, the crystallite size. Rutile transformation rate is enhanced by
the increase in surface defects which act as nucleation sites. Experimental results report
that when crystallites have small diameter (below 10 nm) anatase is preferentially formed
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rather than rutile (Lazzeri et al., 2001). This is possibly due to the fact that anatase has
lower surface energy than rutile, an increase in the diameter to above 35 nm leads to
preferential growth of rutile (Dhiman et al., 2012; Zhang et al., 1998).
2.1.2 Properties of TiO2 Nanoparticles
Nanoparticles have exceptionally high surface area to volume ratio, which is one
of the reasons for some of their unusual properties. However, this high surface area also
means that the surface of a NP is an important component of the material. So even the
simplest NP will have a surface chemistry, which is distinctly different from that of the
core material.
Silica has a core structure of SiO2, but the surface has a chemistry more
comparable to Si(O)(2-x)(OH)(2x) (Paparazzo et al., 1992). As a result, the outer layer of
atoms in the particle has a different composition from the rest of the particles. One layer
of atoms is approximately 0.4 nm thick, there are a significant number of atoms with a
different chemistry from the rest of the atoms on the particle. This means that for a 6 nm
SiO2 NP, approximately 7% of the SiO2 atoms are on the surface, and therefore, the
surface chemistry of the particle has a significant contribution. Furthermore, the surface
of the NP will be the first aspect experienced either by the environment or by an
organism (Christian et al., 2008). For SiO2 coated TiO2 NP, the coating will also play an
important role on its properties.
NPs in water will interact with inorganic and organic ions or molecules which
adsorb on to the surfaces by various mechanisms. Most NPs possess an electric charge
which attracts ions of opposite charge in the solution forming compact and diffuse layers.
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The changes on surface brought about by a variation in solution characteristics become
very important when NPs interact among themselves, with coagulants or with filter grains
during filtration. These interactions result in attractive or repulsive forces which may
enhance or reduce the deposition and removal of NPs in drinking water treatment
processes.
Typical energy barriers are based on charge and steric stabilization of the NPs.
For charge stabilization, a charged surface is present which has associated counter ions
and some solvent molecules which are tightly bound to the surface of the particle, this is
called the Stern layer. The associated charge at the surface causes repulsion of like
charges according to Coulombs law that provides a barrier for NPs to aggregation (Figure
2.2a). In steric stabilization a relatively long molecule is tethered out of the surface of the
particle. The long chain of the molecule will have a high affinity for the solvent. The
barrier to aggregation is, therefore, related to the relative interactions of the polymer
chain with itself and with the solvent. In order for the particles to aggregate solvent must
be eliminated from between the two particles and from around the chains; this is
energetically unfavorable and, therefore, presents a barrier to aggregation (Figure 2.2b)
(Christian et al., 2008).
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(a) Charge repulsion between charged particles

(b) Unfavorable solvent exclusion from between two sterically stabilized nanoparticles
Figure 2.2 A diagrammatic representation of (a) a charge stabilized NP and (b) a
sterically stabilized NP (Christian et al., 2008)
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From thermodynamic considerations, smaller NPs were predicted to have
enhanced adsorption, as determined by the Langmuir coefficient for adsorption, Kads, to
minimize the surface free energy (Pettibone et al., 2008). Solution phase adsorption
studies with a series of organic acids seemed to confirm this prediction, with as much as a
70 fold increase in Kads value reported for the smaller particles (Banfield et al., 1998).
2.1.3 SiO2 Coated TiO2 Nanoparticles
Silicon dioxide (SiO2), as a good carrier, has been widely used in the material
synthesis field. In recent years, titania-silica composite materials have been widely
investigated, and in most cases these catalysts show a higher photocatalytic activity than
the uncoated TiO2 prepared in parallel for the oxidation of organic pollutants in water
(Hu et al., 2012). SiO2 is a very good medium, which not only facilitates adsorbing
organics and transfers those adsorbed compounds to active sites on TiO2, but also
benefits the dispersion of the TiO2 particles. Besides, it is also reported that SiO2
modification is effective in separating photogenerated electrons and holes which is of
great importance for photocatalytic activity. Moreover, SiO2/TiO2 shell-core structured
NPs exhibit novel properties that are not found in either single oxide (Zhang et al., 2005).
2.2 Potential Harmful Effects of TiO2 Nanoparticles
From a toxicological point of view the important characteristics of NPs are their
size, surface area, surface chemistry and charge, crystallinity, shape, solubility and
agglomeration/aggregation state. Surface groups may render NPs hydrophilic or
hydrophobic, lipophilic or lyophobic, catalytically active or passive. These properties of
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NPs determine their cellular uptake, subcellular localization, and ability to cause toxic
effects. There are two main pathways of NP to enter the cell: the active uptake by
endocytosis, and the passive uptake by free diffusion (Geiser et al., 2008). Phagocytosis
is an endocytic mechanism, phagocytes generally remove particulate matter >500 nm
(Adam et al., 1999) and, as they are unable to phagocytose smaller particles, the NPs are
retained in the tissue, leading to a sustained burden on other tissues and cells (Stern at el.,
2001).
2.2.1 The Oxidative Stress Induced by TiO2 Nanoparticles
TiO2 NPs could cause oxidative stress in human body. It has been reported that
the TiO2 NP can induce an increase in reactive oxygen species (ROS) production and
oxidative products (i.e., lipid peroxidation), as well as the depletion of cellular
antioxidants (Dunford et el., 1997; Gurr at al., 2005; Long et al., 2007; Lu et al., 2008;
Park et al., 2008). Under UV irradiation, the TiO2 NP of different crystalline structures
and sizes produces different amounts of hydroxyl radicals, which are the primary
damaging species for human (Uchino et al., 2002).
2.2.2 Genotoxicity of TiO2 Nanoparticles
Several studies show that TiO2 NP induces genotoxic effects, including DNA
damage, and micronuclei formation that is indicative of chromosomal aberrations in
different cells. (Petković et al., 2011; Kang et al., 2008). The studies also show that
genotoxic effects caused by TiO2 NP strongly depended on their size and form. For
instance, Gurr et al. (2005) showed that anatase TiO2 NPs up to 20 nm in size induced an
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increase in micronuclei formation, while 200 nm anatase or 200 nm rutile TiO2 did not.
The in vitro and in vivo genotoxicity studies using different experimental models indicate
that TiO2 NP may cause genotoxic effects via secondary mechanisms, including oxidative
stress and inflammation (Xu et al., 2009; Driscoll et al., 1997; Trouiller et al., 2009).
2.2.3 Immunotoxic effects of TiO2 Nanoaprticles
Due to the physicochemical properties of TiO2 NPs, they are recognized and
taken up by immune cells, such as macrophages, monocytes, platelets, leukocytes and
dendritic cells, and can trigger inflammatory responses (Vamanu et al., 2008). Palomäki
et al. (2010) reported that uncoated and SiO2 coated rutile TiO2 NPs induced the
enhanced expression of a variety of proinflammatory cytokines in murine dendritic cells
and in murine macrophages.
2.2.4 Neurotoxic effects of TiO2 Nanoparticles
It has been reported that inhaled NPs can translocate to the central nervous system
through the olfactory pathway and by crossing the blood brain barrier. In vitro studies of
non-irradiated TiO2 NPs showed that they caused oxidative stress in the brain microglia
BV2 cell line (Borm et al., 2006).
2.2.5 Exposure Pathways of TiO2 Nanoparticles
TiO2 NP in various forms is used widely in everyday life in a variety of products.
The following pathways are considered to be the main entry ports of TiO2 NPs into the
human body. The resulting potential adverse effects are also discussed.
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(1) Dermal exposure. TiO2 NPs are the main component of many of the
sunscreens due to its UV reflection capacity. The average size of the TiO2 NPs in
sunscreens ranges between 10 and 100 nm. The majority of studies suggest that TiO2
NPs, neither uncoated nor coated (SiO2, Al2O3 and SiO2/Al2O3) of different crystalline
structures, penetrate normal animal or human skin, but since the exposures were short
term (up to 48h), long term exposures will be needed to confirm this (Tyner et al., 2010).
(2) Intake by food. TiO2 NP has been well accepted in the food industry and can
be found as the E171 additive in various food products, mainly for whitening and texture
(Skocaj et al., 2011). It is present in some cottage and Mozzarella cheeses, horseradish
cream and sauces, lemon curd, and in low-fat products such as skimmed milk and ice
cream. TiO2 NP is also used in oral pharmaceutical formulations, and the Pharmaceutical
Excipients handbook considers TiO2 NP a non-irritant non-toxic excipient (Pflücker et
al., 2004).
(3) Inhalation. Inhalation exposure to TiO2 NPs occurs predominantly in
occupational settings during production of TiO2 powders and manufacturing the products
containing TiO2 NPs. The highest levels of exposure occur during packing, milling and
site cleaning (Hext et al., 2005).
(4) Potable water consumption. TiO2 NPs can be washed into water by rain or the
discharge of waste. If the water treatment plants don’t remove the NPs properly, they will
end up in the drinking water.
(5) TiO2 NPs can be released within the human body as a result of the wear of Tibased implants (hip stems, plates, screws, etc.). The released particles cause local
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inflammation, but even more importantly they distribute over the body and can
potentially cause systemic effects (Sargeant et al., 2007; Hallab et al., 2001).
2.3 Effects of Water Chemistry
The chemistry condition of water solutions can influence the removal of TiO2 NPs
by conventional water treatment processes. The effect of pH and NOM is discussed in
this section.
2.3.1 pH
The pH range of the water is one of the most important factors in proper
coagulation. The vast majority of coagulation problems are related to improper pH levels.
The optimum pH range varies depending on the coagulants used, but is usually between 5
and 7. The lower pH values mean that there are more positively charged metal complexes
in the water to neutralize the negatively charged NPs (Jekel, 1985).
Titration experiments have shown that the pHpzc (point of zero charge) of TiO2
NPs changes with nanocrystalline size, with the smaller particle sizes exhibiting the
lowest pHpzc (pHpzc of 3.6 nm particles 4.8) (Finnegan et al., 2007). Larger sizes formed
by coarsening small NPs in a dry furnace exhibited a higher pHpzc (pHpzc of 8.1 nm
particles 6.2) (Finnegan et al., 2007). This range for the pHpzc of nano particulate TiO2 is
consistent with the average reported value for the pHpzc of bulk TiO2 (pHpzc 5.9)
(Kosmulski et al., 2003).
When the pH is adjusted so that it approaches the pHpzc of the phases considered,
the repulsive forces between NPs decrease, causing the TiO2 NPs to aggregate (Katherine
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et al., 2006). On the basis of such considerations, the influence of pH in controlling the
stability of TiO2 NP suspensions will also likely to impact the surface adsorption and
reactivity of NPs.
At high coagulant dose, the primary coagulation mechanism tends to be
entrapment. In this case, aluminum hydroxide (Al(OH)3) precipitates forming a “sweep
floc” that tends to capture suspended solids as it settles out of suspension. The pH of the
water plays an important role in coagulation because the solubility of the metal species in
water is pH dependent. If the pH of the water is between 4 and 5, alum is generally
present in the form of positive ions (i.e., Al(OH)2+, Al8(OH)4+, and Al3+). However,
optimum coagulation occurs when negatively charged forms of alum predominate, which
occurs when the pH is between 6 and 8 (Bottero and Bersillon, 1989).
It was found that at pH 4.5, intermolecular bond and charge neutralization play an
important role in flocculation, but at pH 7.5, adsorption is dominating (Rakotonarivo et
al., 1988). The intermolecular bond and charge neutralization occurring in low acid
conditions (i.e. below pH 5.5-6.0) can be more effective for organic compound removal
than the adsorption process which dominates at pH 6.7 (Klimiuk et al., 1999). According
to Stumm and Morgan (1970) the product of aluminum salts hydrolysis, Al(OH)3, reaches
the lowest value of solubility at pH 5.6-5.8. Bottero and Bersillon (1989) in their study on
coagulation with aluminum chloride showed that at lower pH values the flocs have better
structure and are more stable. The optimal pH value is more important in the case of
organic and coloring pollutants than turbidity. It has been proved many times that an
application of aluminium and iron salts causes reduction in color and removal of organic
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substances (measured as Mn-COD) at pH < 6.0. An increase in pH above 7.0 enhances
desorption of organic pollutants and promotes their reappearance in treated water
(Klimiuk et al., 1999).
2.3.2 NOM
Natural organic matter (NOM) is a major cause of color and odor in water body
(Edwards and Amirtharajah, 1985). NOM can result in the formation of disinfection byproducts such as trihalomethanes, which are harmful to humans (Kavanaugh, 1978;
Gallard and Gunten, 2002). NOM can also cause microbial regrowth in distribution
system and impede the removal of iron and manganese from the water. Therefore,
minimization of the trihalomethanes precursors or effective removal of NOM has
emerged as a critical issue in the production of high quality drinking water from surface
water (Peters et al., 1980; Gregor et al., 1997; Hundt and O'Melia, 1988).
Several mechanisms are referred to when describing the removal of NOM, and
each mechanism is favored by a particular set of operational conditions. In practice, it is
likely that these operational conditions will overlap and that several mechanisms will be
involved. The three mechanisms of NOM removal most commonly referred to are charge
neutralization, entrapment, and adsorption. Charge neutralization is the mechanism used
to explain the precipitation of NOM in operational regions where aluminium hydroxide
precipitation is minimal. Cationic aluminium interacts electrostatically with anionic
NOM to form insoluble charge neutral products. In operational regions where insoluble
aluminium hydroxide forms, NOM can be removed by entrapment (sweep coagulation),
or surface adsorption (Gregor et al., 1997). The concentration of coagulant has to be high
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enough to cause rapid precipitation of Al(OH)3. Colloidal NOM can act as nuclei for
precipitate formation, or can be entrapped during floc aggregation. The sweep
coagulation mechanism operates most effectively on colloidal NOM, but it’s not effective
for soluble fulvic acids. Charge neutralization can remove soluble fulvic acids, but high
dose of coagulant will be required to neutralize the high anionic charge.
A fourth mechanism is chemical interaction of soluble NOM with soluble
coagulant metal ions such as aluminium. The chemically bound metal cation and NOM
will remain in solution until the binding capacity of the NOM is satisfied, or the solubility
of the metal-NOM complex is exceeded, the complex doesn’t need to be charge neutral to
precipitate. Once the NOM binding capacity is exceeded, aluminium will begin to
precipitate given appropriate pH conditions, and the soluble aluminium concentration
will decrease (Gregor et al., 1997).
The unique structure and electronic properties of some NPs can make them
especially powerful adsorbents. Surface coating of NPs by NOM affects aggregation
behavior, resulting in reduced aggregation through charge stabilization (Jekel, 1986) and
steric stabilization mechanisms (Tipping and Higgins, 1982), or enhanced aggregation
through charge neutralization and bridging mechanisms caused by fibrillar attachment
(Buffle et al., 1998).
2.4 Coagulation, Flocculation, Sedimentation & Filtration
Coagulation is the destabilization of colloidal particles by neutralizing the forces
that keep them apart. Once the charge is neutralized, small suspended particles are
capable of sticking together. The slightly larger particles formed through this process and
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called microflocs, are not visible to the naked eye. Then the particles coated with
chemically sticky layer will begin to flocculate (agglomerate destabilized particles into
larger, compact, fast settleable particles) and settle in a reasonable period of time. Many
naturally occurring compounds from starch to iron and aluminum salts can accomplish
coagulation. In addition, synthetic cationic, anionic, and nonionic polymers are very
effective coagulants but are usually more costly than natural compounds.
The most commonly used coagulants in water treatment plants are alum
(aluminum sulfate) and iron salts, with alum being the most extensively used agent. The
multivalent characteristic of these cations strongly attracts them to charged colloidal
particles and their relative insolubility ensures their removal to a high degree, Figure 2.3
shows the general mechanism of alum coagulation. The pH of coagulation is critical.
Ferric salts work best in a pH range of 4.5-5.5, whereas aluminum salts are most effective
around a pH range of 5.5-6.3 (Crittenden et al., 2005). These pH values should be
attained after the coagulant is added.
Typical reactions of aluminum and iron salts are shown as follows:
1. Alum

With an increase in H+, pH is depressed and no more Al(OH)3 is formed. If
natural alkalinity is present, then
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If natural alkalinity is insufficient, then lime or caustic soda can be added.

2. Ferric Chloride

Figure 2.3 Mechanism of alum coagulation
A good coagulation needs high energy rapid mixing to properly disperse the
coagulant and promote particle collision. Coagulants should be added where sufficient
mixing will occur. Proper contact time in the rapid mix chamber is typically 1 to 3
minutes. Slow mixing is followed by rapid mixing for flocculation. Collisions of the
microfloc particles cause them to bind to produce larger, visible flocs called pinflocs. The
floc size continues to build through additional collisions and interaction with inorganic
polymers formed by the coagulant or with organic polymers added, macroflocs are
formed. High molecular weight polymers, the coagulant aids, may be added during this
step to help bridge, bind, and strengthen the floc, add weight, and increase settling rate.
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Once the floc has reached it optimum size and strength, the water is ready for the
sedimentation process. The contact time for flocculation ranges from 15 or 20 minutes to
an hour or more.
Sedimentation is a treatment process in which the velocity of the water is lowered
below the suspension velocity and the suspended particles settle out of the water.
Sedimentation occurs due to greater gravitational forces on the aggregates than the
opposing buoyancy forces, and the relative rates of sedimentation are affected by crosssectional area and the density of aggregates in each solution. Sedimentation should
remove 90% of the suspended particles from the water.
Filtration is used to remove suspended particles from water by passing the water
through a medium such as sand or membrane. As the water passes through the filter, floc
and impurities get stuck in the medium and the clean water goes through. The
mechanisms of filtration include straining, adsorption, biological action and absorption.
In the filter, up to 99.5% of the suspended solids in the water can be removed, including
minerals, floc, and microorganisms.
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CHAPTER III
RESEARCH OBJECTIVES & APPROACH

The main motivation of this research was to improve the understanding of the
efficiency and mechanisms of removal of ENPs by conventional drinking water treatment
process (Coagulation-Flocculation-Sedimentation-Filtration). Provide a basis of the effect
of different parameters on the removal of ENPs, and help the water authorities to get
ready to deal with TiO2 NPs as emerging NPs. Specifically, this research project has
focused on three main objectives:
1) To evaluate the performance of conventional coagulants for the removal of
coated and uncoated TiO2 NPs.
SiO2 coated TiO2-rutile NPs and uncoated TiO2-rutile NPs were used in this
study. Alum (Al2(SO4)3·18H2O) and ferric chloride (FeCl3) were used as coagulants.
Distilled de-ionized (DDI) water, polymaleic acid (PMA) prepared 3 mg/L and 6 mg/L
TOC solution was used as water solutions. Jar tests were performed to examine the
removal efficiencies, 0.45 µm filtration was followed by the sedimentation. TiO2 and
TOC concentration, turbidity and pH were examined before and after each experiment for
analysis.
2) The effects of initial NP concentration, NP coating, pH, and NOM on the
TiO2 NP removal by conventional treatment processes.
This objective was also achieved by jar tests. Different initial water chemistry
conditions including different pH, different NOM concentration and different natural
waters were used in the jar tests. Both SiO2 coated and uncoated TiO2 NPs were tested,
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alum and ferric chloride were used as coagulants, TiO2 and TOC concentration and
turbidity were examined before and after each experiment for analysis.
3) The removal efficiency of TiO2 NPs in natural waters.
This objective was achieved by performing jar tests in different natural waters,
including Hanahan and Columbia Canal drinking water treatment plants raw water. SiO2
coated and uncoated TiO2 NPs were tested, alum and ferric chloride were used as
coagulants, TiO2 and TOC concentration and turbidity were examined before and after
each experiment for analysis.
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CHAPTER IV
MATERIALS AND METHODS
4.1 Materials
4.1.1 Nanoparticles
Two kinds of TiO2 NP powder were used in this study: uncoated and SiO2 coated
TiO2 NPs (Table 4.1). The concentration of 0.5 mg/L and 5.0 mg/L TiO2 were used in the
experiments.
Table 4.1 TiO2 NPs used in this study
Formula

Size

Coating

Purity

TiO2-Rutile
TiO2-Rutile

50 nm
50 nm

none
SiO2

99%
99%

Hydrophilic/
Hydrophobic
none
Hydrophilic

Company
MK Nano
MK Nano

4.1.2 Coagulants
Alum (Al2(SO4)3•18H2O, J.T.Baker) and ferric chloride (FeCl3, J.T.Baker) were
used in this study.
4.1.3 Natural Organic Matter and Natural Waters
Polymaleic acid (PMA) is a polyelectrolytic macromolecule containing aliphatic,
olefinic, and aromatic components (Carter and Weber, 1994). The molecular weight
range of PMA was measured to be 1000-9000, which falls within the typical range for
natural organic matter found in surface water (Reid et al., 1990). Therefore, PMA was
used as a model natural organic matter in this study. It was synthesized in a previous
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study by Carter (1993) following the method of Spiteller and Schnitzer (1983). The
concentration of 3 mg/L TOC and 6 mg/L TOC were prepared by adding PMA powder in
distilled de-ionized (DDI) water.
Raw water samples obtained from Hanahan and Columbia Canal drinking water
treatment plants (WTPs) were used as natural waters. Hanahan WTP is located on the
banks of the Goose Creek Reservoir in Hanahan. It provides drinking water to the city of
Charleston, SC. Columbia Canal WTP has been serving the city of Columbia since 1906.
The TOC concentrations for Hanahan and Canal WTP samples were 6.4 mg/L and 6.0
mg/L, respectively, and the turbidity values were 7.1 NTU and 26.8 NTU, respectively.
4.1.4 Other Materials
NaHCO3 (BDH Chemicals) was used to buffer the solutions. In addition, 1 mol/L
HCl (36.5%-38%, EMD Chemicals) and NaOH (EMD Chemicals) were used to adjust
the solution pH.
Concentrated hydrofluoride acid (HF, 48.5%-50.5%, EMD Chemicals) and nitric
acid (HNO3, 68%-70%, EMD Chemicals) were used to digest TiO2 NPs. Boric acid
(H3BO3, BDH Chemicals) was used to neutralize the remaining HF after the TiO2
digestion for safety precautions and protection of equipment.
Titanium standard solution for ICP (1000 mg/L ± 2 mg/L, Fluka Analytical) was
used to prepare titanium calibration curve for the inductively coupled plasma optical
emission spectrometry (ICP-OES).
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4.2 Methods
4.2.1 Characterization of TiO2 Nanoparticles in Water
Nanoparticle solution used for particle size determination was prepared by adding
5.0 mg TiO2 NP into 1 L DDI water. The solutions were sonicated and stirred for 20
minutes to disperse the NPs. The size distribution determination was conducted using
dynamic light scattering (DLS, 90 Plus Particle Size Analyzer, Brookhaven Instrument
Corp.).
pHpzc was examined using 0.1 mg/L NaCl solutions at different pH values (2.56.5). The NaCl solution was prepared using DDI water that was boiled to removal
dissolved CO2. For pH adjustment, 0.5 N HCl or NaOH were used. One hundred
milligram of TiO2 nanoparticle samples were contacted with 20 mL of 0.1 M NaCl
solutions at different initial pH values in 25 ml vials. The final pH of the solution was
measured after 24 hours. The pHpzc was determined as the pH of the NaCl solution that
did not change after the contact with the samples (Dastgheib et al., 2004).
4.2.2 Jar Test
For each jar test, ten litters water solution was buffered with 0.5 M NaHCO3, and
the pH of the solution was adjusted with 1 N HCl or NaOH solution. To each of the six
jars, 1.5 L buffered water solution was added, and then certain amount of TiO2 NPs was
added into each jar. Each jar was stirred and sonicated for 20 minutes for nanoparticle
dispersion. The mixing speed was set to 200 rpm (G=240 s-1), coagulants was added into
each jar, stirred for 2 minutes, then the mixing speed was adjusted to 25 rpm (G=19 s-1)
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for 30 minutes. The pH of the solutions was adjusted, as needed due to the addition of
coagulants. The jars were settled in quiescence for 2 hours. Duplicate samples were taken
before the jar test, after 2 hours sedimentation, and after 0.45 µm filtration (Supor
hydrophilic polyethersulfone (PES) membrane, Acrodisc syringe filter) followed by
sedimentation.
The jar tester used was PB-700 Jar tester (Phipps & Bird Inc.). Initial pH value of
the solutions was 6.5 or 5.8 for comparing the effect of pH on the removal TiO2 NP.
Coagulant dose ranged 10 mg/L-120 mg/L, and the mass concentration of both types of
TiO2 nanoparticles was 5 mg/L or 0.5 mg/L.
4.2.3 Measurement of Titanium with ICP-OES
Since the ICP-OES can only examine ionized titanium, the TiO2 nanoparticle
samples must be digested to ion state before being examined by ICP-OES.
4.2.3.1. TiO2 Microwave Digestion
To each microwave digester (CEM Microwave Accelerated Reaction System,
Model MARS) vessels, 10 mL of 0.5 mg/L TiO2 NP solution was added. In the acid
hood, 2 ml concentrated HNO3 and 1 ml HF was added into each vessel, the microwave
digester program was set as follows (Table 4.2).
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Table 4.2 TiO2 microwave digestion program
Stage

Power
(W)

Ramp Time
(min)

Temperature
( C)

Hold Time
(min)

1

1200

15:00

150

0:00

2

1200

15:00

180

20:00
50:00

Total

After cooling, 10 ml H3BO3 (4% w/v) was added into each vessel, to neutralize
the remaining HF for the protection of the ICP. The microwave digester program was set
as follows (Table 4.3).
Table 4.3 Boric neutralization of HF program

Stage

Power
(W)

Ramp Time
(min)

Temperature
(°C)

Hold Time
(min)

1

400

15:00

170

10:00
25:00

Total

After cooling, the weight of the digested solutions were measured to calculate the
dilution factor of titanium.
Eight samples of 0.5 mg/L uncoated TiO2 were prepared to test the microwave
digestion efficiency, which reminded around 85%, steady and reproducible (Figure 4.1).
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Figure 4.1 Microwave Digestion Efficiency
4.2.3.2. ICP-OES Measurement
Calibration curve was prepared before each test. Titanium standard solution for
ICP was diluted to 5 ppb, 10 ppb, 20 ppb, 50 ppb, 100 ppb, 200 ppb, 500 ppb, 1 ppm, 2
ppm, and 5 ppm using 2% HNO3. Then the digested samples were measured with ICPOES (Perkin Elmer, Optima 3100 RL).
4.2.4. Turbidity, TOC and pH
The turbidity was measured using the Hach 2100N Turbidimeter. The TOC was
measured using the Shimadzu TOC-V CSH Total Organic Carbon Analyzer. The pH was
measured by a pH meter (VMR SympHony SB80PC Benchtop Meter).
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CHAPTER V
RESULTS AND DISCUSSION
The results obtained in this study will be presented in this chapter. The effects of
initial TiO2 NP concentration, TiO2 NP coating, natural organic matter/natural waters, pH
and coagulant type on the removal of TiO2 NPs during conventional drinking water
treatment processes will be discussed.
5.1 Characterization of TiO2 Nanoparticles
DLS measurement showed that the effective diameters of uncoated and SiO2
coated TiO2 nanoparticles were 320.4 nm and 261.5 nm, respectively, higher than the size
50 nm, reported by the vendor. Figure 5.1 shows the diameter distribution of the two NPs
in DDI water. SiO2 coated TiO2 NPs had smaller diameters than uncoated NPs,
suggesting that the coating improved the dispersion of the particles in water.
The pHpzc of uncoated and SiO2 coated TiO2 NPs were determined to be 5.6 and
4.3, respectively (Figure 5.2).
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Figure 5.1. Diameter distribution of 5 mg/L uncoated and SiO2 coated NPs in DDI
water.

Figure 5.2 pHpzc of uncoated TiO2 NP and SiO2 coated TiO2 NP
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5.2 The Effect of Initial TiO2 NP Concentration
The effect of initial TiO2 NP concentration was investigated using 0.5 mg/L and
5.0 mg/L TiO2 NPs in buffered DDI water at pH 6.5. Alum was used as the coagulant
during the jar tests. The results are presented in Figure 5.3. For both coated and uncoated
TiO2 NPs, higher percent removal was observed at 5.0 mg/L than 0.5 mg/L initial
concentration. In addition, the removal of uncoated TiO2 NPs was always higher than
those of coated ones. For an alum dose of 40 mg/L, it was possible to remove 80% or
more TiO2 NP from water. It is also noteworthy that in the control jar (i.e., no alum
added), 30% removal was observed. This was attributed to the collision of some NPs as a
result of mixing causing some degree of aggregation and removal of those particles with
settling.
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a

b

Figure 5.3 The effect of initial concentration on the TiO2 NP removal: a) Pure TiO2
NPs; b) SiO2 Coated TiO2 NPs. Alum coagulation in DDI water at pH 6.5-6.8.
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In terms of removal of TiO2 NPs during coagulation and flocculation, three
distinct mechanisms, adsorption and charge neutralization, enmeshment, adsorption and
bridging, can be involved. When alum is added in water, several aluminum hydroxide
complexes are formed. At pH 6.5, positively charged aluminum complexes can
destabilize negatively charged TiO2 NPs and collision of destabilized particles aggregate
and form microflocs. The microflocs and destabilized NPs can serve as nuclei in the
formation of bigger (sweep) flocs. At the same time, precipitation of aluminum as
Al(OH)3 can capture the NPs as well as microflocs. In the 5.0 mg/L TiO2 NPs solution,
there are 10 times more particles than that of the 0.5 mg/L solution. As a result, more
frequent collisions of NPs are likely to occur, resulting in higher percent of NPs removal
in the 5.0 than 0.5 mg/L TiO2 NPs solution.
5.3 The Effect of TiO2 Coating
The effect of NP coating was investigated using 0.5 mg/L uncoated and SiO2
coated TiO2 NPs in buffered DDI water at pH 6.5. Alum was used as the coagulant
during the jar tests. The results are presented in Figure 5.4. Higher percent removals were
observed for uncoated than coated TiO2 NPs. More alum was necessary for the coated
TiO2 than uncoated TiO2 to achieve the same removal. The turbidity removal also showed
better removal of uncoated than SiO2 coated TiO2 NPs (Figure 5.5).
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a

b

Figure 5.4 The effect of the TiO2 NP coating on TiO2 NP removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation in DDI water at pH
6.5-6.8.
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a

b

Figure 5.5 The effect of the TiO2 NP coating on turbidity removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation in DDI water at pH
6.5-6.8.
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The pH of point of zero charge (pHpzc) is the pH that the net electrical charge
density on the particle surface is zero. The higher the solution pH is than pHpzc, the more
charges the surface will carry. The pHpzc of uncoated and SiO2 coated TiO2 NPs were 5.6
and 4.3, respectively. At the pH 6.5 of the jar test, it is expected that the coated TiO2 NPs
carry more negative charges than uncoated TiO2. This will increase the energy barrier
between the particles to destabilize, and increase the alum requirement.
The Derjaguin – Landau – Verwey – Overbeek (DLVO) theory is used to evaluate
the stability of particles in water. Two major forces determine the stability of particles:
Van Der Waals (VDW) attraction (ΦVDW) and electrical double layer (EDL) repulsion
(ΦEDL).

(5.1)
Where ψ is the zeta potential (V); z is the valence of ions (assuming a symmetric
electrolyte); n is the bulk electrolyte number concentration (m-3); e is the charge of one
electron(C); k is the inverse of the Debye length (m-1), and A is the Hamaker constant.
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The zeta potential values (in nanopure water, pH 6.0±0.5) of TiO2 and SiO2 are 22 mV and -20 mV, respectively (Zhang et al., 2007), they are very similar. Other
parameters are almost the same for TiO2 and SiO2, except the Hamaker constant which
describe the Van Der Waals attraction force between particles. For smaller Hamaker
constants, the Van Der Waals attraction force is small; as a result, the total repulsion
forces become high, increasing the energy barrier between particles. The Hamaker
constant for TiO2 NPs in water is 9.1×10-20 J, and SiO2 NPs is 1.2×10-20 J (Yotsumoto
and Yoon, 1993; Ackler et al., 1996). This suggests that it will be easier to destabilize and
aggregate uncoated than SiO2 coated TiO2 NPs.
5.4 The Effect of NOM and Natural Waters
The effect of natural organic matter (NOM) was first investigated using a lab
prepared 3 mg/L TOC model NOM solution (PMA in DDI water) buffered with NaHCO3
at pH 6.5. Alum was the coagulant, and 0.5 mg/L uncoated TiO2 NP was used in the
experiments. The results are presented in Figure 5.6 and Figure 5.7. Much lower percent
removal of TiO2 NP was observed in the TOC solution than in DDI water. The removal
didn’t change until 60 mg/L, but it increased from 20% to 90% when the alum dose
increased from 60 mg/L to 80 mg/L (Figure 5.6a). The 0.45 µm filtration after resulted in
significantly higher percent removal (Figure 5.6b). This suggests that there were some
agglomeration of NPs in the presence of NOM at alum dose up to 60 mg/L, but the
majority of flocs were still smaller than 450 nm. The turbidity increased with the increase
of alum dose at first, reached the peak turbidity at 60 mg/L alum, and then decreased
sharply with additional adding of alum (Figure 5.7).
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a

b

Figure 5.6 The effect of the NOM on TiO2 NP removal, a) After 2 hrs sedimentation;
b) After 0.45 µm filtration. Alum coagulation in DDI water at pH 6.5-6.8.
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a

b

Figure 5.7 The effect of the NOM on turbidity removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation in DDI water at pH
6.5-6.8.
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The NOM can coat on the TiO2 NPs, imparting a more negative charge to the NPs,
which increases the electrostatic repulsion force between the NPs. Thus, the NOM
coating can also decrease the zeta potential between the NPs, and increase the energy
barrier between the particles to destabilize and aggregate. In addition, NOM coating can
also cause steric stabilization of the NPs.
When alum is added in water, several aluminum hydroxide complexes are formed
(Figure 5.8a). At pH 6.5 of the jar tests, positively charged aluminum complexes can
destabilize the negatively charged NOM molecules, reducing the energy barrier for NOM
to aggregate. The Al-NOM complex could either precipitate by itself (does not need to be
charge neutralized), or this complex can be adsorbed onto the precipitated Al(OH)3 solids.
The coagulant demand of the NOM increased the requirement of alum dose for the
destabilization and aggregation of TiO2 NPs.
At low coagulant doses, due to the consumption of alum mainly by NOM, it
seems that there were not enough Al species to destabilize and aggregate the TiO2 NPs.
As a result, more particles remained in their nano sizes and/or microflocs could not grow
big enough to settle down. With the increase of alum dose, it was possible to compensate
for the alum demand of NOM and remove both NPs and TOC. In the absence of NOM, it
required only 20 mg/L alum to remove about 85% of NPs.
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a

b

Figure 5.8 Solubility diagram for a) Al (III) and b) Fe (III) at 25°C (Crittenden et
al., 2005).
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The effect of natural water (i.e., NOM and other background species and colloids)
was investigated using samples from the intakes of Hanahan water treatment plant (TOC
6.4 mg/L, turbidity 7.1) and Columbia Canal water treatment plant (TOC 6.0 mg/L,
turbidity 26.8). Since these are low alkalinity waters, the samples were buffered with
NaHCO3 at pH 6.5. Alum was the coagulant, and 0.5 mg/L uncoated TiO2 NP was used
in the experiments. TiO2 NP and TOC concentrations, and turbidity were measured
before the jar test, after two hours sedimentation and 0.45 µm filtration followed by
sedimentation. The results are presented in Figures 5.9, 5.10 and 5.11. The results were
also compared with 3 mg/L TOC PMA solution previously presented.
After the jar test and two hours sedimentation, the Hanahan water exhibited the
highest percent removal of TiO2 NPs, followed by the Canal water and the 3 mg/L TOC
PMA solution (Figure 5.9a), while the 0.45 µm filtration followed by the sedimentation
results show that Canal and Hanahan waters showed comparable and higher removal than
3 mg/L TOC PMA solution (Figure 5.9b). For both turbidity and TOC removals, the
Canal water showed the highest removal (Figures 5.10 and 5.11).
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b

Figure 5.9 The effect of natural water on TiO2 NP removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation at pH 6.5-6.8.
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a

b

Figure 5.10 The effect of natural water on turbidity removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation pH 6.5-6.8.
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b

Figure 5.11 The effect of natural water on TOC removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Alum coagulation at pH 6.5-6.8.
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The high degree of TiO2 NP removals in the Hanahan and Canal waters despite
their double TOC as compared to PMA solution were attributed to the presence of fine
colloidal particles that can serve as nuclei for the formation of flocs that can capture TiO 2
NPs. On the other hand, in the 3 mg/L TOC PMA solution, there was only PMA to
stabilize TiO2 NPs and exert some coagulant demand.
The Canal water had larger initial turbidity than the Hanahan water despite their
similar initial TOC values. This may explain more coagulant dose required for Canal
water to achieve the same removal than the Hanahan water. After the 0.45 µm filtration,
the Canal water shows slightly higher TiO2 NPs and turbidity removal, this could
attribute to the buildup of particles on the membrane surface due to high turbidity,
resulting in the higher removal of TiO2 NPs and turbidity.
5.5 The Effect of pH
The effect of pH was investigated at pH 5.8 and 6.5. These pH values cover the
typical pH conditions of coagulation and flocculation at most water treatment plants. The
jar tests were conducted in the buffered Hanahan water treatment plant raw water (TOC
6.4 mg/L, turbidity 7.1). Alum was the coagulant, and 0.5 mg/L uncoated TiO2 NP was
used in the experiments. TiO2 and TOC concentration and turbidity removals were
measured before the jar test, after two hours sedimentation, and 0.45 µm filtration
followed by sedimentation. The results are presented in Figures 5.12, 5.13, and 5.14.
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b

Figure 5.12 The effect of pH on TiO2 NP removal, a) After 2 hrs sedimentation; b)
After 0.45 µm filtration. Alum coagulation in Hanahan water.
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b

Figure 5.13 The effect of pH on turbidity removal, a) After 2 hrs sedimentation; b)
After 0.45 µm filtration. Alum coagulation in Hanahan water.
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a

b

Figure 5.14 The effect of pH on TOC removal, a) After 2 hrs sedimentation; b) After
0.45 µm filtration. Alum coagulation in Hanahan water.
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Higher removals of TiO2 NP, turbidity and TOC were observed at pH 5.8 than 6.5
after two hours sedimentation. For an alum dose of 40 mg/L, the removal of TiO2 NPs at
pH 5.8 and 6.5 were 95% and 60%, respectively (Figure 5.12a). The 0.45 µm filtration
results also show a better removal at pH 5.8 than 6.5 (Figure 5.12 b).
The higher removal of TiO2 NPs at pH 5.8 was attributed to the pHpzc of uncoated
TiO2 NP (5.6) being close to the experiment’s pH of 5.8, as a result, there were less
electrostatic repulsion forces between NPs as compared to pH 6.5 conditions. The pC- pH
diagram of alum (Figure 5.8a) shows that positively charged aluminum complexes are
dominant in water at lower pH values, which enhances the charge neutralization of the
negatively charged NPs and NOM.
It has been reported that the optimum pH for the removal of humic susbtances
ranges 5-6 and 4-5 for alum and ferric coagulation, respectively (Chadik and Amy, 1983;
Jekel, 1985; Krasner et al., 1989; Lefebvre and Legube, 1990). Likewise, higher TOC
removals were observed at pH 5.8 than 6.5 in this study (Figure 5.14). When the pH
decreases humic substances acquire a more coiled configuration (due to lower
intermolecular electrostatic repulsion) in water, thus they more effectively adsorb on
surfaces of flocs and Al(OH)3 precipitates (Juhna et al., 2003).
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5.6 The Effect of Coagulant Type
The effect of coagulant type was investigated using alum and ferric chloride as
coagulants. The experiments were conducted in buffered Hanahan water treatment plant
raw water (TOC 6.4 mg/L, turbidity 7.1) at pH 6.5 and with 0.5 mg/L uncoated TiO2 NP.
TiO2 NP and TOC concentrations and turbidity were measured before the jar tests, after
two hours sedimentation and 0.45 µm filtration followed by the sedimentation. The
results are presented in Figures 5.15, 5.16 and 5.17.
Both coagulants showed similar removal of TiO2 NPs after two hours
sedimentation (Figure 5.15a). Turbidity first increased at lower coagulant doses due to
the presence of NOM which stabilized the NPs through charge and steric stabilization
(Figure 5.15b), then decreased with further addition of coagulants. Ferric chloride had
slightly better TOC removal than alum, (Figure 5.17a), which is consistent with other
researcher’s findings (Crozes et al., 1995; Gianatasio et al., 1995; Julien et al., 1994). The
0.45 µm filtration followed by sedimentation results show similar patterns with the
sedimentation results (Figures 5.15b, 5.16b, and 5.17b).
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b

Figure 5.15 The effect of coagulant type on TiO2 NP removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Coagulation in Hanahan water at pH 6.56.8.
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b

Figure 5.16 The effect of coagulant type on turbidity removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Coagulation in Hanahan water at pH 6.56.8.
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a

b

Figure 5.17 The effect of coagulant type on TOC removal, a) After 2 hrs
sedimentation; b) After 0.45 µm filtration. Coagulation in Hanahan water at pH 6.56.8.
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The specific surface areas of Fe and Al hydroxides have been reported in the
range of 160-230 and 200-400 m2/g, respectively (Krasner et al., 1989; Crozes et al.,
1995). However, due to higher active metal concentration in FeCl3 and higher molecular
weight of Fe (the percent of Fe in FeCl3 is 34.4%, while the percent of Al in alum is
8.1%), iron hydroxide has much more surface areas than aluminum hydroxide. As a result,
iron hydroxide can adsorb more NPs and NOM, and exhibits better coagulation
performance. This may explain the better performance of ferric than alum observed
during these experiments.
The turbidity removal behavior of both coagulants at low dose (< 40 mg/L) was
attributed to the presences of NOM. NOM coating stabilized the NP by charge
neutralization and steric stabilization, and consumed metal ions by forming Me-NOM
complexes, impeded the development of microflocs and increased the turbidity.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The major conclusions obtained from this study are summarized below:
1) To evaluate the performance of conventional coagulants for the removal of coated
and uncoated TiO2 NPs.


After two hours sedimentation, alum and ferric chloride both exhibited 70% removal of
TiO2 NPs in a natural water at coagulant dose of 60 mg/L and pH 6.5, and 95% removal
after 0.45 µm filtration.



At coagulant dose of 80 mg/L and pH 6.5, ferric chloride had 40% removal of TOC after
two hours sedimentation, while alum only had 30% removal.

2) The effects of initial NP concentration, NP coating, pH, and NOM on the TiO2 NP
removal by conventional treatment processes.


Higher initial NP concentration (5 mg/L) resulted in better removal than lower initial
concentration (0.5 mg/L) of both SiO2 coated and uncoated TiO2 NPs. At pH 6.5,
uncoated TiO2 NPs required 10 and 40 mg/L alum to achieve 90% removal, respectively,
while SiO2 coated NPs required 20 and 60 mg/L alum, respectively.



Higher removals of TiO2 NP (95% at 40 mg/L alum vs. 86% at 80 mg/L alum), turbidity
(90% at 40 and 120 mg/L alum, respectively), and TOC (60% and 30% at 80 mg/L alum)
were observed at pH 5.8 than 6.5, which was attributed to the pHpzc of uncoated NPs (5.6)
and the coiled configuration of NOM at low pH values.
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The presence of NOM decreased the removal of TiO2 NPs. NOM consumed part of the
coagulant for the formation of Me-NOM complex, and the NOM coating increased the
charge and steric stabilization of the NPs.

3) The removal efficiency of TiO2 NPs in natural waters.


Higher removal was observed in natural waters than 3 mg/L TOC PMA solution, they all
had 90% removal, but higher coagulant dose was required for the PMA solution (80 vs.
120 mg/L alum). This was due to the presence of fine colloidal particles in natural waters
that can serve as nuclei for the formation of flocs to capture NPs.

Recommendations
Some recommendations for future research from this study are as follows:


Since the natural levels of NP concentration are very low, much lower concentrations of
NP need to be investigated to examine the removal efficiencies. In this study, the removal
efficiency of NPs decreased with decreasing NP concentration. Therefore, it is possible
that at very low levels, they pass through the conventional treatment processes and the
public, although at very traces levels, is continuously exposed to the NPs.



Only one type of NP was investigated in this study. More NPs need to be investigated for
their removal.



Investigating the removal of NPs in natural waters with different NOM characteristics
can further provide information about the impact of NOM on NP removals.



Wider range of pH values can also be examined to find the optimum pH for the removal
of different NPs from water.
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APPENDICES

Figure A-1: Jar test results for 0.5 mg/L pure TiO2 in DDI water, pH 6.5-6.8.

60

Figure A-2: Jar test results for 0.5 mg/L SiO2 coated TiO2 in DDI water, pH 6.5-6.8.
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Figure A-3: Jar test results for 5 mg/L pure and SiO2 coated TiO2 in DDI water, pH
6.5-6.8.
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Figure A-4: Jar test results for 0.5 mg/L pure TiO2 in Hanahan water, alum, pH 6.56.8.
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Figure A-5: Jar test results for 0.5 mg/L pure TiO2 in Hanahan water, ferric
chloride, pH 6.5-6.8.
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Figure A-6: Jar test results for 0.5 mg/L pure TiO2 in Hanahan water, alum, pH 5.86.0.
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Figure A-6: Jar test results for 0.5 mg/L pure TiO2 in Hanahan water, ferric
chloride, pH 5.8-6.0.
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Figure A-7: Jar test results for 0.5 mg/L pure TiO2 in Canal water, alum, pH 6.06.5.
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Figure A-8 Titanium calibration curves for ICP-OES
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